4 He has two phases: above the superuid transition it is a classical low-viscosity uid (He I), while below about 2.17 K it is superuid (He II), exhibiting the two-uid behaviour. Using the particle tracking velocimetry technique, we present visualization of large-scale ow structures occurring in the surrounding bulk liquid due to a fast oscillating quartz tuning fork, in both He I and He II, and discuss their similarities and dierences.
Introduction
Liquid 4 He has two phases, separated by the so-called (second-order) λ transition. Above T λ ≈ 2.17 K 4 He is a classical low-density (125 kg/m 3 ≤ ρ ≤ 146 kg/m 3 ) and extremely low-viscosity (1.5 · 10 −8 m 2 /s ≤ ν ≤ 2.6 · 10 −8 m 2 /s) liquid; at normal pressure it boils at 4.2 K, with the critical point at 5.2 K and 2.26 · 10
5 Pa, see [1] . For historical reasons, this normal liquid helium is called He I, while the superuid phase below the λ transition is called He II. It is a unique liquid displaying macroscopic quantum eects, such as extremely large heat conductivity, ow through ne porous materials (which are impenetrable for any other uid), the famous fountain eect or its counterpart, the mechanocaloric eect.
Depending on the length scale of interest, He II [2] can by described in various ways, see [3] . The most detailed description, in the limit of absolute zero, uses the quantum mechanical Gross-Pitaevskii equation 1 , the solution of which leads to the quantization of circulation around topological singularities quantized vortices possessing cores of diameter ∼ 10 −10 m where the superuid component density tends to zero. The existence of these vortices is experimentally proven, e.g., in a rotating cryostat [4] and they can be visualized using micrometer particles, as is referred in [5] . For quantized vortices the Helmholtz theorem on conservation of vorticity holds, hence they can be described mathematically as simple objects and therefore the tangle of quantized vortices can be modeled, see [6] . If the probed volume of He II grows, we can describe the tangle statistically, using a single parameter the vortex line density, i.e., the total length of vortex core in a unit volume.
At temperatures well below 1 K the heat content of He II is equal to a system of ballistically behaving quasiparticles the phonons. At higher temperature phonons (together with other quasiparticles called rotons) start to behave more as a viscous gas, forming the so-called normal component of He II, which carries the entire entropy of the system. With no quantized vortices present, at constant temperature, this component moves independently of the superuid component. With quantized vortices present in the ow (which in practice is always the case) the scattering of the quasiparticles (making the normal uid) o the cores of quantized vortices the so-called mutual friction force [7] couples the normal and superuid velocity elds and even in isothermal ows the two components do not move independently. Finally, if the vortex line density is suciently high and there are no other forces acting on each component separately (which can be caused, for example, by thermal gradients or by the boundary), both components become locked together and behave as a single uid with certain eective bulk viscosity. Still, the existence of quantized vortices can inuence the statistics of such a turbulent ow [8] in dependence on the probed length scale, see [9] . 1 Imagine a Schrödinger equation with an Hamiltonian depending on the density of the order parameter H = V + g Ψ 2 , where V is an outer potential, g is the coupling constant and Ψ denotes the macroscopic wave function of a system of bosons.
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A small mechanical oscillator immersed in liquid helium represents a widely used tool to study hydrodynamics of quantum uids [10] . Quartz tuning forks, mass produced as frequency standards, e.g., for digital watches, are nowadays often used in the 4 He as well as in the 3 He research [12] . They are cheap, sensitive, robust, and easy to install and to use. Only two wires are needed to drive and readout the fork as sensor; no magnetic eld is needed. A relatively simple electronic scheme composed of a digital oscillator and a lock-in amplier is used for detecting their resonant response over seven orders of magnitude of the driving force in both viscous and quantum uids. The forks can serve as thermometers, pressure and viscometers, as well as generators and detectors of cavitation and turbulence in viscous and superuid helium liquids. Despite these facts, so far nobody investigated in any detail how this oscillator inuences the ow of the surrounding uid, how far from the fork this inuence is felt and to what extent its behavior is similar in quantum uids to the known behavior of an oscillating fork in a classical viscous uid.
Near an oscillating body, inside the so-called Stokes layer, the uid copies the motion of the boundary, at a distance of the order the viscous penetration depth δ = 2ν/ω. The phase of the uid motion slips due to the inertia of the uid and the amplitude of its oscillatory motion decreases exponentially with the distance. The mean displacement of uid particles over many cycles is close to zero. At time scales much longer than the oscillation period, however, the viscous forces between the parts of uid forced by dierent parts of the oscillating body cause a slow ow from the areas where the boundary moves parallel to the oscillatory motion to the areas where the boundary moves perpendicularly. Due to mass conservation, the ow usually creates closed loops called streaming cells, see [13] and references therein. As this eect is mainly caused by viscosity, it is very interesting to ask if it takes place also in superuid helium and if so, up to what degree it is similar to that in viscous uids.
In the section 2 we describe the apparatus, the applied methodology of measurement and data analysis, at the end of that section we discuss the length-scales accessed in this study. In section 3 we show the overview of measured data showing in detail only a subset comparing two temperatures. At the end we show another interesting phenomena connected with superuids and discuss its small possible inuence to the results.
Experimental setup
We use a special cryostat with optical access to its low-temperature part. The experimental volume is situated at its bottom, in a tail with square cross section equipped with ve low-loss windows (one on its base and four on the sides). A pair of pumps allows to cool the helium bath down to ∼ 1.3 K along the saturated vapor pressure curve. For a more detailed description of our cryogenic apparatus, see [14] .
Particle Tracking Velocimetry
The Particle Tracking Velocimetry (PTV) technique is one of the standard visualization methods based on small particles carried by the ow. Their positions are captured optically and analyzed with respect to their individual history, in a Lagrangian sense. This method therefore diers from the frequently used, Eulerian method Particle Image Velocimetry (PIV) [15] . Our particles are illuminated in one plane of thickness around 1 mm, produced by a solid state pulsed laser, whose beam is defocused by a cylindrical lens. The particle positions are recorded by a fast camera oriented perpendicularly to this plane. Hence, we can visualize only a 2D cut of the physical 3D ow under study. The camera frame rate used in this measurement is 800 Hz and the resolution is 1280 × 800 pix which corresponds to 13.2 × 8.3 mm on the illuminated plane, see an example in Fig. 1 .
The tracer particles used in this study are small solid deuterium akes of density (200 kg/m 3 ) slightly larger than that of liquid helium (146 kg/m 3 ). The particles are produced by injecting into the helium bath a room-temperature gaseous deuterium and helium mixture in molar ratio 1:100, which rapidly freezes in the bath, making snowakes of radius around 5 µm. The properties of these particles are not a subject of this article, the reader can nd more details in our previous publications [16] and references therein.
Quartz tuning fork
The ow is generated by an oscillating quartz tuning fork. The drive is based on the piezoelectric eect: the applied electric voltage causes a mechanical tension, the mechanical deformation causes an electrical charge and the velocity of deformation causes an electrical current. The electromechanical properties are characterized by the so-called fork constant a = ∆F /∆U = I/v [11] , which, for our fork, is measured to be a = 1.1 · 10 −6 C/m. The resonant frequency of our fork at room-temperature is 8458 Hz, while at low temperature it slightly drops and is equal to 8295 Hz, at 2.2 K (8302 Hz at 1.3 K). The physical dimensions of the fork prongs are: length L = 9.0 mm, width W = 0.9 mm and thickness T = 0.4 mm, see Fig. 1 . The fork is driven by an Agilent 33210A function generator, with maximum output voltage of 7.7 V rms , which is transformed up to 77.1 V rms this value corresponds to the maximum applied force F = 82 µN rms . The current is measured by a SR830 lock-in digital amplier. When keeping the fork response on resonance, we estimate the rms velocity of the tip of its prongs as v rms = a · I rms . The velocity values obtained in this way agree with an accuracy up to ∼ 20% with optical observations of the real velocity of the fork prongs [17] . 
Data analysis
The obtained grey-scale images (see Fig. 1b for the negative of one of these images) contain the fork prongs seen as a pair of rectangles. The reections 2 are static 3 objects; hence we can subtract them from the rest of the images.
The particles are connected into trajectories by using Sbalzarini and Koumoutsakos algorithm [18] . In this particular case, we found it more eective than our own algorithms [19] , as the former was purposefully developed with no prejudices about ow motion, which might be dangerous especially in the case of oscillatory superows [20] . The only restriction is the maximum velocity which has been set to 10 pix/frame = 83 mm/s. The obtained trajectories are then smoothed by using the Kolmogorov-Zurbenko lter [21] over 3 neighbors and in 3 iterations. In order to suppress the noise level, for further analysis we use only trajectories longer than 10 points. 2 It is not possible to avoid reections by painting the fork in black because this would seriously damage the mechanical quality of the resonator and hence also the maximum attainable velocity. 3 The amplitude of the fork motion at the highest velocities is up to 10 µm, which is comparable to our resolution 10.33 µm.
TOPICAL PROBLEMS OF FLUID MECHANICS 105 _______________________________________________________________________

PTV-based pseudovorticity
As discussed in our previous work [20] , equalizing the velocity eld of the liquid with the spatial averages of the velocity of the particles can be misleading because the particle movement is not driven by a single continuous velocity eld, as it is naturally assumed in the case of classical uids. In practice there are always quantized vortices in owing superuids and they aect the particle movements as well as the accelerating superuid component. On the other hand, in mechanically driven ows, we can assume that coow 4 occurs and hence we can hope that the particles for the most part follow the mass ow, especially at length scales larger than the intervortex distance, where He II behaves as a single continuous uid with eective viscosity, as discussed in detail in our previous work [9] . In our study of the He II ow due to an oscillating cylinder of rectangular cross section [8] we already used this assumption and based on available experimental data we have dened a useful quantity the PTV-based pseudovorticity θ( r) as follows:
where the summation is over the set of trajectory points positioned within a certain chosen distance R m from the probed position r (dened on a suitable grid covering the eld of view); M is the number of points in that set; i denotes the summation index; r i and v i are the position and velocity of the i-th point of the trajectories. In the case of ideally homogeneously distributed particles with velocities equal to uid velocity, this sum would converge to the classical integral denition of the vorticity ω (except for the factor of 2π),
if the integration area A is dened as a circle with radius equal to the distance from the probed point to each of the trajectory points closer than R m . Due to the rather strong assumption on the homogeneity of particle distribution, we do not venture to identify θ with ω and therefore we introduce a dierent symbol for it. Note also that R m is an outer parameter and the resulting value of θ depends on it systematically as θ ∝ R −1 m , therefore it is important to x its value among compared data sets and this value should refer to the expected size of vortical structures as discussed in [8] . Here we chose this parameter to be R m ≈ 1 mm, which is the diagonal of one fork prong, see Fig. 1 .
Length-scales
Using the values of resonant frequency f of our fork vibrating in liquid helium, we estimate the viscous penetration depth
where ω = 2πf = 52 · 10 3 rad · s −1 is the angular frequency and ν denotes the eective kinematic viscosity for coowing He II, which, over the investigated temperature range, can be estimated from the literature [22] to be ν ≈ 1.7 · 10 −8 m 2 /s ≈ κ/6, where κ = 9.97 · 10 −8 m 2 /s stands for the circulation quantum in He II. It follows that, within our resolution, δ is much smaller than one pixel (it is also smaller than the typical particle size, representing the smallest experimentally accessible length scale). Additionally, the camera frequency is ten times slower than the fork frequency. Hence we cannot probe the primary oscillatory pattern, which changes with the frequency of the oscillating fork, and, in classical viscous uids, slips the phase by π at a distance of the order of the viscous penetration depth and damps out at a distance into the uid only slightly larger. Prague, February 15-17, 2017 _______________________________________________________________________ Another important length scale is the intervortex distance . In He II it can be estimated according to second sound measurements [23] 5 as ≈ 50 µm, which provides, however, an average over a large ow region in the neighborhood of a tuning fork similar to ours and represents an upper limit of (note that, as reported in [9] , can also be obtained from the atness of the particle velocity distributions). Other estimates of in the closer vicinity of the fork have been discussed in [24] , based on considerations of energy dissipation by quantized vortices. They yield × ∼ 0.5−2 µm, for the unpolarized intervortex distance, while the polarized component estimation, based on a classical Kolmogorov-like approach, is ∼ 1 − 3 µm.
It follows that this study is suitable to visualize the quasi-stationary streaming patterns in bulk He II, which is a quantum liquid, and to compare them with those observed in He I, which is a classical uid.
Observations and discussion
We have recorded several sets of movies in He I as well as in He II and at dierent drives, but, in this preliminary study, we discuss only three cases (rst three rows of Tab. 1). Tab. 1 summarizes the achieved velocities and numbers of tracked trajectories, after data manipulations, such as: adding missing points into the trajectories by linear interpolation; Komogorov-Zurbenko linear smoothing (not changing the number of points); removing trajectories shorter than 10 points; and, for movies recorded at 2.2 K, also removing fake trajectories produced by reections on a tiny boiling bubble formed at the illuminated side of the fork. Table 1 : Experimental parameters of the data sets shown in Fig. 2 and Fig. 3 . Drive represents the driving piezoelectric force; Velocity gives the velocity of the prongs tips of the fork as measured via the electric current through the fork and deduced as described in the text; δ = 2ν/ω is the viscous penetration depth calculated by using the kinematic viscosity values as published in Ref. [1] ; the Reynolds number Re = v · R m /ν, where R m ≈ 1 mm roughly corresponds to the size of the fork prong; the streaming Reynolds number Re s = √ 2v 2 /ων; N p stands for the total number of points and N tr for the number of trajectories.
Looking at Tab. 1, one can notice that the velocity measured at high drive in He I (rst line) is closer to the velocities at low drive in He II. This is caused by the higher damping in He I, compared to that in He II. Although the ratio between the normal and superuid components of He II varies among the probed temperatures substantially (from 50:50 at 1.95 K to less than 5% of normal component at 1.25 K), the achieved velocities remain similar. Note also that, while the ratio of higher to lower drive force is 3.4, the ratio of velocities is 1.88 ≈ √ 3.4 = 1.85, because the drag force depends quadratically on the velocity in the turbulent regime.
The high scatter of the measured velocity values in He I, given on the rst line of Tab. 1, is most likely caused by the worse temperature stabilization and by the boiling/cavitation occurring 5 Second sound is a peculiar entropy or temperature wave in which the normal and superuid components oscillate in antiphase. It becomes attenuated by the quantized vortex lines in the ow; the degree of attenuation allows the deduction of vortex line density L. The intervortex distance can then be estimated as ≈ 1/ √ L.
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in He I. The steep temperature dependence of the sound velocity could be an additional factor, due to possible damping or amplication by acoustic resonance [25] .
Another eect, which rather strongly aects the precision of our velocity measurement in all cases, is the sedimentation of the particles on the prongs of the fork. It slightly increases their eective mass and decreases the resonant frequency of the fork. A tiny increase of the eective mass, ∼ 3 · 10 −11 kg, explains the observed downshift by ∼ 5 · 10 −2 Hz, which is enough to move the fork slightly o resonance and change the fork tip velocity up to ∼ 30 mm/s during the time between particles injection and measurement, i.e., within about 30 s. Fig. 2 shows the spatial distribution of the PTV-based pseudovorticity θ, see equation 1, for some of the data sets described in Tab. 1. The spatial structure of the observed secondary oscillatory streaming patterns is similar in all probed cases, their strength depending on the velocity amplitude. Figure 2: PTV-based-pseudovorticity θ calculated according to formula 1, with R m ≈ 1 mm. The approximate position of the fork prongs is shown as grey rectangles. In the left column there are data obtained at the fork tip velocity 210 mm/s and 180 mm/s; in the right one, there are higher velocity data, 340 mm/s; therefore the color map of θ is dierent. There are no data at temperature 2.22 K and velocity 340 mm/s because the damping in He I is higher and therefore the maximum attainable velocity is lower. One can easily notice a better quality of the higher velocity image caused by the higher number of measurements.
Streaming pattern
Our preliminary analysis suggests that the structure of streaming patterns, displayed in Fig.  2 , does not appreciably depend on temperature in He II. In Fig. 3 we venture to merge the data obtained in He II at dierent temperatures but at the same driving force in a single gure in order to increase the statistical quality and spatial resolution. Fig. 3 shows the trajectories colored according to the actual velocity of the particles and to the vertical component of velocity, respectively. Both Fig. 2 and Fig. 3 therefore demonstrate the same observation but from a dierent perspective.
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Prague, February 15-17, 2017 _______________________________________________________________________ There are strong outwards streaming jets both above and below the axis of each fork prong, that perpendicular to the direction of oscillation; these jets are compensated by suction jets from the sides with an angle of about 45
• , but, between the prongs, the neighboring suction jets merge, creating a single one, parallel with the primary outwards streaming jets and of lower intensity (Fig. 3, left column) . Hence, between neighboring (and oppositely oriented) jets, there are peaks of the PTV-based pseudovorticity θ, as it is apparent from Fig. 2 . One naturally expects that the ow would close, creating streaming cells, but this is not directly demonstrated from the particle trajectories, see Fig. 3 , where the trajectories are displayed. This might be due to the insucient length of recorded trajectories, especially as we see only 2D projections of 3D ows and the trajectories are eectively shortened simply by the non-zero velocity component perpendicular to the illuminated plane.
There are eight strong streaming cells: four above and four below the fork; the central ones stronger than the outer ones, and their orientation alternate. Another pair of weaker cells can be imagined close to the illuminated side of the fork prong; the corresponding ones on the opposite side are barely observable, due to the shadow of the fork.
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Side eects
The dierence between He I and He II ows is mostly due to thermal eects. Fig. 4 shows particle trajectories with no drive on the fork. Both panels displays a random background ow eld; however, in the case of He II, the thermal counterow generated at the illuminated side of the fork is nicely visible, as well as particle depletion in areas adjacent to the heat source (this eect is a subject of another experiment and will be reported elsewhere). Contrary to this, only a wake behind the fork caused by the slow motion of the liquid is visible in He I, together with the formation of a boiling bubble at the illuminated side of the fork, caused by local overheating 6 . Here we do not show any photograph of such a bubble, the reader can nd them in our previous cavitation study [17] . The existence of a boiling bubble is inconvenient as it scatters light and produces fake trajectories that have to be removed or, at least, suppressed during the data processing. Bubble forming is not observed in He II, because its heat conductivity is extremely large and overheating is hardly possible. merged data from He II we can easily notice the eect of thermal counterow. Right: data taken in He I there is nothing like that, the only observable eect is the larger background velocity. The visual non-homogeneity is caused by merging several movies taken in the same conditions.
The eect of thermal counterow shown in Fig. 4 is not subtracted from the data sets shown in Fig. 2 and Fig. 3 , for the following reasons. First, the induced counterow velocity is small compared to that due to the oscillatory ow. Secondly, we lack any better approximation of the motion in this area, as there is a shadow at the opposite side of the fork where only very big particles are visible and the statistics there is less trustworthy than that on the illuminated side.
Conclusions
Although quartz tuning forks are widely used as thermometers, bolometers, viscometers, turbulence probes and/or generators in both 4 He and 3 He liquids, the inuence of streaming ows on their performance is not known and the streaming patterns expected to occur outside the viscous penetration depth have never been thoroughly investigated or visualized. By using the ecient PTV technique, we have observed these streaming patterns in the bulk liquid surrounding an oscillating quartz tuning fork both in He I, which is a classical viscous uid, and in He II, which is a quantum liquid. At the probed length scale, which exceeds the quantum length scale in superuid He II, the shape of these patterns are very similar in both liquids. Our preliminary analysis suggests that small dierences are probably caused by statistical noise and are not entirely reproducible: more work is needed to resolve this issue. As our experimental length scale is also much larger than the viscous penetration depth, the boundary layer eects are invisible for us. For the same reason we do not observe any appreciable inuence of quantization of vorticity in He II, because, at the probed length scale, the tangle of quantized vortices behaves as a single continuum, characterized by an eective bulk viscosity, and the liquid is composed by the normal and superuid components, which are coupled by the mutual friction force.
